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ABSTRACT

As energy initiatives shift away from fossil fuels, research on renewable resources
and their energy storage has become vital to the future of energy strategies. Battery
technology will have a prominent future in the endeavour towards sustainability. Allpolymer based batteries have recently gained renewed interest, mainly due to the
possibilities for manufacturing flexible and environmentally friendly devices. To
make an all-polymer battery, flexible free-standing electrode materials could be more
suitable than electrodes with metal substrates. Basically, conventional lithium
batteries typically consist of a positive electrode and a negative electrode spaced by a
separator, which is soaked with an electrolyte solution. Each electrode is formed
from a metal substrate that is coated with a mixture of an active material, an
electrical conductor, a binder, and a solvent. This kind of electrode is not suitable for
flexible or bendable batteries, because a metal substrate is used to hold the active
materials. The active material layer will be cracked or peeled off from the substrate
when they are bent frequently. To avoid these drawbacks, several initiatives have
been taken in this Master’s degree work to develop additive–free, flexible,
conducting polymer electrodes for all-polymer battery application. In this respect, an
all-polymer battery system based on free-standing polypyrrole (PPy)  para (toluene
sulfonic acid) (pTS) cathode and polypyrrole (PPy)  indigo carmine (IC) anode was
investigated.

Highly flexible and bendable PPy-pTS films were prepared using the
electropolymerization method. The films are soft, lightweight, mechanically robust,
and highly electrically conductive. The films display a cauliflower-like morphology
ix

consisting of micron-scale spherical grains, which are related to dopant intercalation
in the polymeric chains. The electrochemical behaviour of the free-standing films
was examined as cathode against lithium counter electrode. Electrochemical tests
demonstrated that the PPy-pTS film with 30 min deposition time exhibited higher
discharge capacity (85 mAh g-1) beyond 80 cycles than the PPy-pTS films with 1 h
deposition time (76 mAh g-1) and 2 h deposition time (55 mAh g-1) at 0.1 mA cm-2
over a voltage range of 2.5-4.3 V. The free-standing films can be used as potential
cathode materials to satisfy the new market demand for flexible and bendable
polymer batteries.

Flexible free-standing PPy-IC films were designed as additive-free anode material
and were produced via the electropolymerization method. The films are soft,
lightweight, mechanically robust, and electrically conductive. The films display a
cauliflower-like morphology consisting of micron-scale spherical grains, which are
related to dopant intercalation in the polymeric chains. The morphologies and
electrochemical behaviour of the free-standing PPy-IC films were affected by the
electropolymerization conditions. Electrochemical tests demonstrated that the
discharge capacity and initial coulombic efficiency increased as the thickness of the
films decreased. The PPy-IC films prepared at lower deposition time (30 minutes)
and lower deposition current density (0.4 mA cm-2) exhibited higher discharge
capacity (83 mAh g-1 beyond 100 cycles) in the voltage range of 0.01-3.0 V. Such
free-standing films can be used as anode materials for polymer batteries that are
suitable for the various types of design and power needs of soft portable electronic
equipment. Stable and high performance devices based on doped conducting

x

polymers can be developed by employing the right combinations of conducting
polymers and dopants.

A novel all-polymer battery system based on conducting polymer (polypyrrole, PPy)
doped para (toluene sulfonic acid) (pTS) and indigo carmine (IC) was tested. The
performance of the systems consisting of PPy-pTS as cathode and PPy-IC as anode
in conjunction with polymer electrolyte and 1 M LiPF6 commercial electrolyte were
respectively evaluated. For these systems, all the free-standing PPy-pTS and PPy-IC
films were directly used without the need for any metal substrate to act as an
electrical conductor. Electrochemical measurements demonstrated that the PPypTS/PPy-IC (commercial electrolyte) system exhibited a discharge capacity of 36
mAh g-1 at 0.05 mA cm-2 after 50 cycles, which is around 92 % of the initial
discharge capacity. In the case of PPy-pTS/PPy-IC (polymer electrolyte), the
discharge capacity retention was 16 mAh g-1, which is also 76 % of the initial
discharge capacity. In summary, this work deals with the fabrication of a novel allpolymer battery system, with significant advantages in terms of environmental
friendliness, resonable capacity, and good cycling stability, which can lead to a
future generation of polymer batteries to satisfy new market demand in the field of
energy storage devices.
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CHAPTER 1 INTRODUCTION

There is currently a strong demand for the development of new inexpensive, flexible,
light-weight and environmentally friendly energy storage devices [1-5]. An obvious
reason for this is that energy storage materials represent a key technology in
conjunction with energy-conversion materials. As a result of these needs, research is
currently being carried out to develop new versatile and flexible electrode materials
as alternatives to the materials used in, for example, contemporary batteries and
supercapacitors. All-polymer and paper-based energy storage devices have
significant inherent advantages in comparison with many currently employed
batteries and supercapacitors regarding environmental friendliness, flexibility, cost,
and versatility. The research within this field is recently undergoing an exciting
development, as new polymers, composites, and paper-based devices are constantly
being developed [6]. In this process, electronically conducting polymers (ECPs),
such as polypyrrole (PPy), polyaniline (PANI), and polythiophene (PTP) are
particularly interesting, since it has been shown that these materials can be used to
manufacture polymer-based batteries and supercapacitors [7-11]. Conducting
polymers are very promising materials for adaptable energy storage devices due to
their inherent fast redox switching, high conductivity, mechanical flexibility, low
weight, and possibility to be integrated into existing production processes [12]. Due
to the current demand, this study mainly focuses on developing additive-free flexible
conducting polymer electrodes aimed at lithium secondary battery and all-polymer
battery application. To achieve these goals, considerable effort has been devoted, and
thus these findings provide effective information for further research in the future.

1

Chapter 2 describes the background knowledge relevant to the present study. It
commences with a literature review related to the lithium-ion batteries, polymer
based lithium secondary batteries, and all-polymer batteries based on conducting
polymer. This chapter includes an overview of the general background, a brief
history of the development of batteries as energy storage devices, and polypyrrole
based electrode materials for battery application. It also includes the effects of
dopants and ion transport properties of polypyrrole electrode during cycling.
Furthermore, basic concepts of electrochemistry and operational principles of allpolymer batteries are discussed herein.

Chapter 3 presents the chemicals and methods used to fabricate the free standing
polypyrrole films and the instrumental analysis techniques used to characterize them.
The techniques applied include scanning electron microscopy (SEM), field emission
scanning electron microscopy (FE-SEM), Raman spectroscopy, Fourier transform
infrared spectroscopy (FT-IR), four-point probe conductivity measurements, cyclic
voltammetry (CV), charge-discharge testing, and electrochemical impedance
spectroscopy (EIS).

Chapter 4 describes electrodeposited polypyrrole (PPy)/para (toluene sulfonic acid)
(pTS) free-standing films for lithium secondary battery application. The films were
characterized by the four-probe conductivity measurement technique, Raman
spectroscopy, and field emission scanning electron microscopy (FE-SEM). Coin
type cells were constructed using the as-prepared free standing films as the cathode,
coupled with Li foil anode in commercial electrolyte. The electrochemical

2

performances of these cells were assessed by using galvanostatic charge and
discharge cycling, as well as electrochemical impedance spectroscopy.

Chapter 5 explores free-standing polypyrrole (PPy)/indigo carmine (IC) film as
anode for lithium secondary battery application. Different physical and
electrochemical characterization methods, including four-probe conductivity
measurement, Fourier transform infrared spectroscopy (FTIR), field emission
scanning electron microscopy (FE-SEM), galvanostatic charge-discharge cycling,
cycling voltammetry (CV), and electrochemical impedance spectroscopy were used
to study the films.

Chapter 6 is a preliminary investigation of all-polymer battery systems based on
polypyrrole (PPy)/para (toluene sulfonic acid) (pTS) and polypyrrole (PPy)/indigo
carmine (IC) free-standing films. Test cell fabrication, surface morphology studies,
and electrochemical measurements were conducted to evaluate the performance of
the whole battery system.

Chapter 7 summarizes the results of this Master’s Degree work, which includes
general conclusions and outlook.
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CHAPTER 2 LITERATURE REVIEW

2.1

Introduction

With the growing awareness of climate change, anxiety about depleting fossil fuel,
and interest in electric vehicles, more consumers have begun to consider purchasing
battery-driven hybrid vehicles for their higher miles per gallon (MPG) rating and
lower individual carbon footprint [13]. In the last decade, research and development
on new electrochemical storage systems, especially batteries with extremely varying
performance characteristics, have been driven by these concerns [14]. Technological
breakthroughs in battery life, abuse tolerance, and drive ranging will eventually
result in the development of cost-effective, long-lasting lithium-ion batteries.
Lithium-ion batteries use organic solvents to suspend the lithium ions. In situations
where the structure of the battery is compromised, that solvent can ignite and vent
from the pressurized battery. The result is a dangerous and toxic explosion. In
response to the dangers of packing more power into a lithium-ion battery pack,
portable electronics makers are turning to polymer based/ionic liquids-based/aqueous
based lithium batteries [6, 15-19]. More recently, the use of ionic liquids (ILs) as
electrolyte for lithium batteries have jumped into the centre of interest. The main
advantages of ILs towards organic solvents are the non-ﬂammability, the negligible
vapor pressure, the high chemical and thermal stability and, in some cases,
hydrophobicity [20-23], which ensure the safety of the batteries. However, new
materials/technologies hold the key to fundamental advances in energy conversion
and storage, both of which are vital in order to meet the challenges of global
warming and the finite nature of fossil fuels [24]. The new technology is expected to
4

be biodegradable, environmentally friendly, and more energy efficient than current
options [25]. In order to compare the different battery types in terms of their
performance, one can make use of the so-called Ragone chart (Figure 2.1), which
plots specific power versus specific energy, where one can compare easily among the
different batteries [26].

Figure 2.1 Comparison of the different battery technologies in terms of specific
power and specific energy density [26].

2.2

Historical Developments of Batteries as Energy Conversion Devices

Energy storage embraces a wide range of energies, technologies, scales, and
applications. Energy may be converted to stored forms in chemical, electrical,
kinetic, potential, or thermal media. It can be converted for final use directly.
Batteries are a long-established means of storing electricity in the form of chemical
energy [27]. Batteries also have a very long history of consumer use. The
development of modern batteries as a form of energy storage can be traced to
5

Galvani in the 1790s [28]. Interest increased in this new area rapidly, and in 1800,
Volta outlined his design of a device that could produce a constant current from the
proper assembly of dissimilar metals, which became known as “Voltaic pile” [29].
Serious development of battery systems was commenced in the 1950s [28].

2.2.1

Lithium-ion Battery

Lithium is a very attractive material for high energy density batteries because of its
low weight and high potential [30]. The research into lithium batteries which began
in the 1950s has led to the current rechargeable lithium-ion batteries [31].
Rechargeable lithium-ion batteries are currently the technology of choice for portable
electronics devices. Lithium technology batteries consist of two main types: lithiumion and lithium-polymer cells. Sony introduced the lithium-ion battery in 1991. Since
its introduction, it has more than doubled in capacity in response to the demand for
higher performance portable electronic devices, such as cellular phones and notebook
computers [32]. For lithium-ion batteries, the self-discharge rate is very low, at
maximum 5% per month, and battery lifetime can reach more than 1500 cycles. The
lifetime of a lithium-ion battery is also temperature dependent, with aging taking its
toll much faster at high temperatures, and can be severely shortened due to deep
discharges. This makes lithium-ion batteries unsuitable for use in back-up
applications where they may become completely discharged. In addition, lithium-ion
batteries are fragile and require a protection circuit to maintain safe operation [33].
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2.2.2

Polymer Based Lithium Secondary Battery

Research on plastic batteries has a long history, which began with the discovery of
the electrical conductivity of doped polyacetylene in the late 1970s [7, 34]. In 1995,
Beck and co-workers [35] developed the first lithium-ion battery with a p-doped
polypyrrole (PPy) cathode. They opened the way to build a new kind of rechargeable
battery with an electrochemically synthesized conducting polymer cathode. A PPy
electrode was electrochemically polymerized and afterwards, a second potentiostatic
step was applied in a monomer-free electrolyte. Scrosati and co-workers [36, 37]
tried different prototypes showing good cyclability and an appreciable theoretical
energy density (300 Wh kg-1 versus graphite). The polymer was also
electrochemically generated, and electrodes were pre-activated by cycling versus a
lithium electrode before combining them into the cell structure. On the other hand, a
new type of lithium-ion battery (LIB) in which gel polymer was used as the
electrolyte began to be placed on the market at the beginning of 1999. These are
called polymer batteries, although the electrolytes are not genuine polymer, but gel
polymer [38]. However, Li-conducting polymer (polyaniline, polypyrrole, etc.) cells
have mainly been used as the power source for memory back-up or small electronic
machines because of their low specific capacity. Nevertheless, important
characteristics of Li-conducting polymer secondary batteries compared with those of
conventional lithium rechargeable batteries are longer cyclic life, less self-discharge
rate, endurance to overdischarge, low cost for manufacture, flexible shape, and easy
fabrication of components in thin film form [39]. With highly conducting polymer as
the electrode and a solid polymer electrolyte, the battery could be lighter and have
higher energy density per unit weight.
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2.2.3

All Polymer Battery

The concept of all-polymer based batteries and supercapacitors, which was
introduced almost three decades ago [7], has recently gained renewed interest,
mainly due to the possibilities of manufacturing flexible and environmentally
friendly devices. The first prototype for a polymer battery was a polyaniline (PANI)
pellet electrode battery with a capacity of 13 mAh g-1, described already in 1968
[40]. An all-polymeric solid state battery was described in 1981, based on doped
polyacetylene electrodes and a polyethylene oxide based electrolyte [41].

A

maximum power density of 0.25 kW kg-1 and an energy density of approximately 20
Wh kg-1 were obtained with an open circuit voltage of 2.8 to 3.5 V. However, the
low conductivity of the solid electrolyte resulted in too high internal resistance of the
cell. Batteries composed of PPy anodes and cathodes and an acetonitrile based
electrolyte were described in 1986 [42], and it was concluded that secondary
batteries with coulombic efficiencies of 75-90%, but with poor charge retention
properties, could be manufactured. Better charge retention properties were
subsequently obtained using dry cells with paper composite electrodes containing
PPy or PANI [43]. Thin film batteries obtained by sandwiching a Nafion layer
between thin layers of PANI coated Nafion membranes [44] and thin films of PPy
and PANI [45] were also demonstrated. Recently, efforts have been made to develop
all-polymer based devices utilizing electropolymerized polypyrrole (PPy) containing
two different redox active anions, indigo carmine (IC) and 3-ethylbenzothiazoline-6sulfonate, as thin layer electrodes on gold/titanium coated poly(ethylene
terephthalate) (PET) substrates [16]. An energy density of 8 Wh kg-1 and a power
density of up to 10 kW kg

-1

were reported. A 50 % loss of capacity, ascribed to
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overoxidation of PPy was, however, seen after 60 cycles, indicating that the stability
of the described system needs to be improved significantly. A more stable system has
been obtained with a claimed all-polymer battery containing a functionalized
polythiophene (PTP) based anode, a PPy cathode electrode, and carbon-fiber mats or
Ni/Cu-coated non-woven polyester current collectors [46]. The reported discharge
capacity was 35.4 mAh g-1, and no loss of capacity was seen after 50 charge and
discharge cycles employing a current density of 0.05 mA cm-2. These results are
encouraging and represent significant progress toward a flexible polymer-based
device.

2.3

Conducting Polymer Electrode Materials

Since their discovery, conductive polymers have been studied extensively because of
their fascinating properties and broad potential in technological applications [47-49].
Conducting polymers possess several advantages as electrode materials in batteries.
First, the electrochemical properties can be controlled at the molecular level by
manipulating the monomer structure [50, 51] or by doping [49, 52]. Second, surface
area can be controlled by the conditions used for polymerization and/or by the
substrate on which the polymer is coated. Among all the conducting polymers,
polypyrrole (PPy) has been widely studied because it can be easily polymerized, with
easy membrane formation, high conductivity, and chemical stability [53-57].

9

2.3.1

PPy-Based Electrode Materials

PPy is one of the most studied conducting polymers for energy storage applications.
With a relatively small monomeric mass, PPy has a theoretical specific charge
capacity of 100 mAh g-1 [7], assuming a 25% degree of doping. This, in combination
with a straightforward synthesis procedure based either on chemical or
electrochemical polymerization, the possibility to employ both aqueous and nonaqueous media, as well as PPy’s compatibility with a large variety of substrates
[7,58,59], has led to high interest in using PPy as an active material in conducting
polymer-based electrodes. Several early studies involving PPy were focused on
using PPy as a cathode material in lithium ion batteries. Even if PPy electrodes have
been shown to be non-competitive with respect to this application, PPy has recently
found application as a performance enhancing additive in lithium ion battery anodes
and cathodes [60, 61]. A hybrid metal  conducting polymer (Sn-PPy) composite
electrode was electrodeposited in a one-step process on copper foil using an
electrochemically generated oxidizing agent for subsequent chemical polymerization
of PPy. When used as an active electrode material versus lithium, this material
showed an improved cycling performance compared to pure tin electrodes of
comparable thickness [60]. However, one potential problem with this one-step
approach is that the generated oxidant may oxidize the metal layer. Bimodal porous
carbon has also been used as a matrix, and a composite electrode was produced using
electropolymerization of PPy inside the macropores of the carbon matrix. This PPyC electrode was evaluated versus a lithium electrode, and a capacity of 78 mAh g-1
was reported in the potential range of 2.0-4.0 V vs. Li/Li+ [62]. Reticulated vitreous
carbon/PPy composites have likewise recently been tested as electrodes for lithium
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batteries [63]. It was demonstrated that the electrodes could attain specific capacities
up to 95 mAh g-1. Although the latter value is promising, the capacities of porous
carbon based PPy composites are still rather low when evaluating the capacity per
weight of the composite. PPy can also be used to replace some of the conductive
carbon and binder materials used in LiFePO4 cathodes [61]. LiFePO4/PPy composite
cathodes showed an improved capacity and rate capability compared to LiFePO4
cathodes prepared with conventional conductive carbon and binder material.
Furthermore, Wang et al. [64] reported carbon- and binder-free, dopant incorporated,
flexible, free-standing PPy films. Their free-standing films could be directly used as
electrode materials for batteries without the need for any metal substrate support.
This suggests that conducting polymers may play a role in the development of new
stable electrode materials.

Recently, Nystrom et al. [15] introduced a novel nanostructured high-surface-area
electrode material for energy storage applications composed of cellulose fibres of
algal origin that were individually coated with a 50 nm thin layer of polypyrrole. The
composite conductive paper material was shown to have a specific surface area of 80
m2 g-1, and batteries based on this material can be charged with currents as high as
600 mA cm-2, with only 6 % loss in capacity over 100 subsequent charge and
discharge cycles. These aqueous-based batteries, which are entirely based on
cellulose and polypyrrole and exhibit charge capacities between 25 and 33 mAh g-1
or 38-50 mAh g-1 per unit weight of the active material, open up new possibilities
for the production of environmentally friendly, cost efficient, scalable, and
lightweight energy storage systems.
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2.4

Effect of Dopants

Conjugated polymers such as polypyrroles (PPy) and polythiophens can be turned
conductive in their oxidized state by incorporating dopants [65, 66]. During chemical
or electrochemical polymerization, positive charges are developed, forming charge
carriers for conductivity. To neutralize the cationic charges of the polymer backbone,
anions are introduced into the polymer film and homogeneously distributed on the
molecular level. Doping with other materials can increase the stability of the PPy
matrix and its mechanical strength [67]. Polypyrrole can be doped by anions such as
halogens, nitrate, perchlorate, tetrafluoroborate, hexafluorophosphate, sulfonate, etc.,
and doped PPy shows conductivity in the range of 10-5 to 100 S/cm depending on the
dopant structure and doping level [68]. In addition, it has been reported that PPy
films doped with ClO4- , BF4-, and PF6- were quite sparse, with more than 70% void
volume. On the other hand, PPy films doped with counter anions such as para
(toluene sulfonic acid) (pTS), SO42-, and NO3- showed compact structure (less than
20% void volume), with apparent densities close to their flotation densities. It has
been established that doping PPy layers with amphiphilic dopant anions such as
dodecylsulfate and dodecyl benzenesulfonate gives layers with short range order,
whereas small BF4-, ClO4-, or (trifluoro) methylsulfonate anions produced amorphous
porous layers, with rough surface morphology [69]. Other research has shown that
the void volume of PPy films doped with different anions increases in the order onitrosobenzoic anion (NS-) < dodecyl sulfonate anion (DDS-) < nitrosyl disulfonate
ion (NDS2-) < pTS < NO3- < Cl- < SO42- < ClO4-, and the most compact structure of
the PPy films was obtained in the case of large oligomeric surfactants [70]. Porosity
and compactness of the PPy films depend also on film thickness. Thin films are
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rather more compact, having porosity < 10%, whereas thicker films have porosities
of up to 84-90% [71].

2.4.1

Ion Transport Properties of Polypyrrole During Cycling

The transport behaviour of the anions may also be controlled by the film properties,
film structures, and morphologies. It is very well known that the mobility of anions
depends on both how densely the chains of PPy in the film are packed and how
strong is the interaction between the conducting polymer chains and the anions. In
general, in the case of small mobile anions, the transport of the same anions is
predominantly responsible for maintaining electroneutrality during the redox process.
This process is described by the following simplified equation [68]:
PPy+ A- (oxidated state) + e- ↔ PPyo (reduced state) + A- (anion)

(2.1)

where PPy+ represents the doped (oxidized) state of the polymer and PPyo represents
the undoped (reduced, neutral) state.
In the case of polypyrrole films doped with big immobile anions (polyanions), only
the transport of cations from the electrolyte solution is possible. In a cationtransportion conjugated polymer, the electrochemical reaction can be described by
the following equation:
PPy+ A- (oxidated state) + e- + C+ (cation) ↔ PPyo A- C+ (reduced state)

(2.2)

where PPy+ represents the doped (oxidized) state of the polymer, PPyo the undoped
(reduced, neutral) state, and C+ the compensating cation. PPy+ A- indicates that the
anion is incorporated in the polymer as a dopant, and PPyo A- C+ indicates that the
cation is inserted during reduction. The real situation is actually even more
complicated. In the case of medium sized and double-charged anions, both anions
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from the film and cations from the electrolyte solution take part in redox processes of
polypyrrole films.

2.5

Fundamentals of Electrochemistry

Electrochemistry includes the study of chemical properties and reactions involving
ions either in solution or in solids. In order to study these properties, electrochemical
cells are generally constructed. A typical cell consists of two solid electrodes, the
cathode and the anode, in contact with an ionic conducting electrolyte. A galvanic
cell is an electrochemical cell that is capable of converting chemical energy into
electrical energy. It generates electricity as a result of a spontaneous electrode
reaction inside it.

2.5.1

Operational Principle of All-Polymer Battery System

The all-polymer battery, utilizing the redox properties of electrically conducting
polymers for the anode (PPy-IC) and cathode (PPy-pTS) in conjunction with an
electrolyte of 1M LiPF6 in an ethylene carbonate  dimethyl carbonate (EC-DMC)
mixture is considered here. There have been few attempts to fabricate an all-polymer
cell. Although most classes of conducting polymers can be switched between an
electrically neutral state and an oxidized (p-doped) state, very few polymers can be
electrochemically reduced (n-doped). The coupling of an anode and cathode based
on the same polymer in the neutral and the p-doped states results in a very small cell
potential, and consequently, conducting polymers that can only be p-doped are
limited for use as cathodes in battery systems [72]. However, by incorporating a
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large polymeric anion into a polymer film during deposition, a pseudo n-dopable
response can be achieved [73, 74]. The low mobility of the trapped anions results in
charge compensation for these materials by cation transport and causes a negative
shift in the oxidation potential, thus increasing the voltage separation between the
reduced and the oxidized form. However, if the redox reactions occur on charge and
discharge of a PPy-IC/PPy-pTS cell, then the reactions at the anode and cathode in a
cell with LiPF6 as the electrolyte can be written as:
Anode:
[PPyo/IC-] Li+ → PPy+/IC- + Li+ + e-

(2.3)

Cathode:
[PPy+] pTS- + e- → [PPyo] + pTS-

2.5.2

(2.4)

Fundamental Properties

To evaluate the properties of electrodes in a secondary cell some general concepts
are introduced below:
Active mass: Active mass is the material that generates electrical current by means of
chemical reaction within the battery.
Open circuit voltage (OCV): Open circuit voltage is the voltage across the terminals
of a cell or battery when no external current flows. It is usually close to the
thermodynamic voltage for the system.
Potential: The cell potential is determined by the difference between the
electrochemical potential of the anode and cathode materials,
ΔG = n-EF

(2.5)

where ΔG = Gibbs free energy
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n = number of electrons
F = Faraday constant (96485 C)
E = Electrode potential
For the rechargeable lithium-ion cell, the terms cathode and anode are defined as the
higher potential and lower potential electrode, respectively.
Discharging: Discharging is the operation in which a battery delivers electrical
energy to an external load.
Charging: Charging is the operation in which the battery is restored to its original
charged condition by reversal of the current flow.
Overcharging: Attempting to charge a battery beyond its electrical capacity can lead
to a battery explosion, leakage, or irreversible damage to the battery. It may also
cause damage to the charger or device in which the overcharged battery is later used.
Short circuiting: A short circuit can lead to a battery fire or explosion. It often
occurs when a battery is connected to itself, creating two points on a circuit with
different potentials connected with zero or near-zero resistance.
Memory effect: The memory effect is a vague description of a temporary loss of
capacity for the Ni-Cd battery. "Memory effect" refers to the phenomenon where a
nickel/cadmium battery loses the ability to deliver full capacity if it is utilised only
partially for a prolonged period of time. In practice, every kind of temporary capacity
loss is often called a "memory effect".
Theoretical specific capacity: Other than the potential, the specific capacity is also
an important parameter to evaluate the active materials. The theoretical specific
capacity (QTSC) can be calculated from the equation:
QTSC 

n F
M

(2.6)
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where n is the number of mol of electron transfer in the electrochemical reaction, F is
the Faraday constant (96485 C), and M is the molecular weight of the active
materials.
Specific charge capacity/Specific discharge capacity: The specific charge capacity
(Qc) or specific discharge capacity (Qd) is calculated based on the total amount of
charge transferred:

Qc orQd 

I t
m

(2.7)

where I is the current (mA), t is the time (h), and m is the mass of active materials.
So the Qc or Qd is in the units of mAh g-1.
Energy: It is usually desirable that the amount of energy stored in a given mass or
volume is as high as possible. The concepts of specific energy (SE, Wh kg-1) or
energy density (ED, Wh L-1) allow comparison of the energy content or energy
density.
SE 

E Q
1000

(2.8)

ED 

E Qm
1000  V

(2.9)

where E is the voltage (V) of the cell, Q is the specific capacity (mAh kg -1), m is the
weight of the cell (kg), and V is the volume of the cell (L).
Power: Specific power (SP, W kg-1) and power density (PD, W L-1) are the ability of
the cell to deliver power per unit mass and unit volume, respectively.
SP 

SE
t

(2.10)

PD 

ED
t

(2.11)

where t is the discharge time (h).
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Rate capability: Rate capability is another parameter to evaluate electrode
performance. The term charge/discharge rate or C-rate is often used to describe how
fast the cell can be charged or discharged. C denotes either the theoretical charge
capacity of a cell or battery (mAh) or the nominal capacity of a cell or battery, as
indicated by the manufacturer. For example, a battery rated at 1000 mAh provides
1000 mA for one hour if discharged at the 1 C rate. 1 C is often referred to as a onehour discharge; 0.5 C would be a two-hour, and 0.1 C a 10 hour discharge. A C-rate
between 2 and 10 C is called a medium high rate. A C-rate higher than 10 C is
considered as a high rate.
Irreversible capacity loss: It is also important to define how much capacity is lost
after each cycle. The irreversible capacity can reflect the stability of cells upon
cycling. Irreversible capacity loss is therefore explained by the following equation:
For anode materials:
Irreversible capacity loss



nth Qd  nth Qc
 100%
nth Qd

(2.12)



nth Qc  nth Qd
 100%
nth Qc

(2.13)

For cathode materials:
Irreversible capacity loss

Capacity retention: Capacity retention is the ratio of the last cycle to the 1st cycle
discharge capacity and is calculated as a percentage as follows:

(C100 / C1 )  100%

(2.14)

where C100 is the discharge capacity at the100th cycle and C1 is the initial discharge
capacity.
Coulombic efficiency: Coulombic efficiency (η) is another important parameter to
represent the ratio of the discharge capacity to the charge capacity.
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nth Qd
 100%
nth Qc

2.6

Summary

(2.15)

Based on the literature review, this Master’s program has been designed as follows:
(1) to synthesise and characterise free-standing polypyrrole/para (toluene sulfonate
(PPy/pTS) films and investigate the electrochemical performance of test cells with
PPy/pTS free-standing film as electrode material vs. lithium electrode; (2) to
synthesise and characterise free-standing PPy/indigo carmine (PPy/IC) films, and
investigate the electrochemical performance of test cells with PPy/IC free-standing
film as electrode material vs. lithium electrode; (3) to make all-polymer batteries
with PPy/pTS free-standing film as cathode material and PPy/IC free-standing film
as anode material, and investigate the electrochemical performance of these allpolymer batteries.
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CHAPTER 3 EXPERIMENT

3.1

List of Materials and Chemicals

All the materials and chemicals used for synthesis, characterization, and
electrochemical testing during my Master’s Degree studies are summarized in Table
3.1. The suppliers/companies are also provided in details here.
Table 3.1 Descriptions of chemicals and materials used in this thesis.
Materials/Chemicals

Formula

Purity (%)

Supplier

Pyrrole

C4H4NH

98

Sigma Aldrich,
Australia

Para (toluene sulfonic

CH3C6H4SO3Na

95

acid) sodium salt
Indigo carmine solution

Sigma Aldrich,
Australia

C16H8N2Na2O8S2

85

Sigma Aldrich,
Australia

Milli-Q Water

H2O

5 ppb

Millipore, USA

(TOC)
Lithium metal

Li

99.9

Sigma Aldrich,
Australia

Polypropylene separator

Ethylene carbonate (EC)

(C3H6)n

C3H4O3

Celgard

Hoechst Celanese

2500

Corporation, USA

99

Sigma Aldrich,
Australia

Lithium perchlorate

LiClO4

95+
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Sigma Aldrich

Materials/Chemicals

Formula

Purity (%)

Supplier

Lithium perchlorate

LiClO4

95+

Sigma Aldrich

CR2032 type coin cells

N/A

N/A

China

Dimethyl carbonate

C3H6O3

99 +

Sigma Aldrich,

(DMC)

Australia

Lithium

LiPF6

99.99

hexafluorophosphate
Acetonitrile

Sigma Aldrich,
Australia

CH3CN

99.8

Sigma Aldrich,
Australia

N,N- Dimethylformamide

HCON(CH3)2

99.8

Sigma Aldrich,
Australia

Poly(vinylidene fluoride-

(-CH2CF2-

-

co-hexafluoropropylene)

)x[CF2CF(CF3)-]y

Stainless steel mesh

SS

Australia
-

3.2

Experimental Procedures

3.2.1

Research Design and Methodology

Sigma Aldrich,

China

The preliminary step was to prepare free-standing cathode/anode films doped with
different dopants. The films were then characterized using different instrumental
techniques, such as scanning electron microscopy (SEM), field emission scanning
electron microscopy (FE-SEM), conductivity measurements, Fourier transform
infrared (FT-IR) spectroscopy, and Raman spectroscopy. The second part of the
thesis work involved the fabrication of coin type cells, where these electrochemically
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active films were used as electrodes. Various electrochemical measurements, such as
cyclic voltammetry (CV), galvanostatic cycling, and electrochemical impedance
spectroscopy (EIS) were performed to evaluate the performance of the cells. Figure
3.1 shows the methodology of the overall research.

Preparation of Free-Standing
Films
Anode Films

Cathode Films

Characterization

SEM/FE-SEM

Conductivity
Measurement

FT-IR

Raman
Spectroscopy

Coin Cell Assembly

Electrochemical
Characterization

CV

Galvanostatic Cycling

Figure 3.1 Scheme of overall research.
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EIS

3.3

Materials Preparation

3.3.1

Electrochemical Deposition

The electrochemically active films used in this study were prepared using the
galvanostatic electrodeposition technique. This technology of electrochemical
deposition is versatile and inexpensive, convenient in terms of controlling the
thickness of the deposited product, and has already been used to prepare metals,
metal oxides, hydroxides, conducting polymers, etc. [75]. Its other major advantages
are that processing can take place at room temperature and ambient pressure, while
thin film properties can be controlled by adjusting parameters such as the deposition
potential or the current density, the composition of the electrolyte, or by employing
various pulsed deposition techniques [75-77].

A deposition reaction is a reaction of charged particles at the interface between a
solid metal and a liquid solution, as expressed by Eq. (3.1). The two types of charged
particles, a metal ion (M) and an electron, can cross the interface. In a typical
electrodeposition, the reactant, which is dissolved in the electrolyte, is deposited as a
solid product on the electrode.
Mz+ (solution) ± ze → M/MOx (electrode)

(3.1)

The electrodeposition involves a working electrode, a counter electrode, the usage of
electrolyte, and a power supply (e.g., an electrochemical working station).
Deposition can be either cathodic or anodic, depending on the voltage applied to the
electrode [78]. The experimental set-up is schematically depicted in Figure 3.2.
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Figure 3.2 Diagram of the electrodeposition experimental set-up.

3.4 Physical and Structural Characterization of the Free-Standing Film
Electrodes

The prepared free-standing film electrodes were characterized using the techniques
described below. Most of the equipment for these characterization techniques
belonged to both Institutes (ISEM & IPRI) under the Australian Institute for
Innovative Materials (AIIM).

3.4.1

Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray
(EDX) Spectroscopy

The morphology and thickness of the prepared films were investigated from the
magnified images of the sample surface by scanning electron microscopy (SEM,
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JEOL JSM 6460A, 30 kV) and field-emission scanning electron microscopy (FESEM, JEOL JSM-7500FA, 15 kV). The SEM/FE-SEM was carried out by the
bombardment of electrons on the target sample. The electrons interact with the atoms
that make up the sample, producing signals that contain information about the
topography, composition, and other properties of the sample surface, such as
electrical conductivity. The types of signals produced by an SEM include those from
secondary electrons, back-scattered electrons (BSE), characteristic X-rays, light,
specimen currents, and transmitted electrons. Secondary electron detectors are
common in all SEM. The signals result from interactions of the electron beam with
atoms at or near the surface of the sample. Secondary electron imaging (SEI) allows
one to observe the surface of a sample.

Figure 3.3 Photographs of SEM (left) and FE-SEM (right) instruments.
3.4.2

Raman Spectroscopy

Raman spectroscopy is a spectroscopic technique used to study vibrational,
rotational, and other low frequency modes in a system. It is commonly used in
chemistry, since vibrational information is specific to the chemical bonds and
25

symmetry of molecules. Therefore, it provides a fingerprint by which the molecule
can be identified and can be used as a complementary tool to x-ray diffraction
(XRD). Raman spectra were recorded using a JOBIN Yvon Horiba Raman
Spectrometer model HR800 provided by the Intelligent Polymer Research Institute
(IPRI), employing a 10 mW helium/neon laser at 632.8 nm, which was filtered by a
neutral density filter to reduce the laser intensity, and a charge-coupled detector
(CCD).

3.4.3

Fourier Transform Infrared (FT-IR) Spectroscopy

Fourier transform infrared spectroscopy (FT-IR) is a technique which is used to
obtain an infrared spectrum of absorption, emission, or photoconductivity of a solid,
liquid, or gas. For infrared (IR) spectroscopy, the samples were mixed with KBr
powder, placed in a sample holder, and measured using a Shimadazu IRPrestige-21
FT-IR spectrometer. KBr was used as the background file. All spectra were
measured from 4000 to 500 cm-1, and the number of scans was typically 10, with a
resolution of 2 cm-1.

3.4.4

Four-Point Probe Conductivity Measurement

Conductivity is the ability of a material to conduct electric current. Conductivity, the
inverse of resistivity, is determined from the voltage and current values according to
Ohm's law. Resistivity of the free-standing films was tested by Jandel multi-height
four-point probes, connected to a Jandel resistivity test unit, model RM2 (Figure
3.4), provided by IPRI. A constant current was applied to the outer two electrodes,
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and the voltage difference between the two inner electrodes was measured. The
conductivity of the free standing film can be calculated according to the following
equation:
Conductivity (S cm-1) = 10000/[(V/I) × 4.532 × Thickness]

(3.2)

where V is voltage in mV, I is applied current in the units of mA, the thickness of the
film is measured by a digital micrometer in μm, and 4.532 is the correction factor of
the instrument. Every measurement was repeated 4 times.

Figure 3.4 Photograph of Jandel multi-height four-point probe and resistivity test
unit.
3.5

Electrochemical Characterization

3.5.1

Test Cell Assembly

The cells were assembled in an argon-filled glove box. Standard coin cells (CR2032)
were assembled using free-standing films as the working electrodes, Li foil as the
counter electrode and reference electrode, a porous polypropylene film as separator,
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and 1 M LiPF6 in a 50:50 (v/v) mixture of ethylene carbonate (EC) and dimethyl
carbonate (DMC) as the electrolyte. During the cell fabrication, O2 and H2O levels
less than 1 ppm were maintained in inside the glove box. The specific capacity was
calculated based on the mass of active materials in the electrode. A schematic
diagram of the coin-type cell used at ISEM [79] is shown in Figure 3.5.

Figure 3.5 Schematic diagram of the coin-type cell, CR2032, used at ISEM [79].

3.5.2

Cyclic Voltammetry (CV)

Cyclic Voltammetry (CV) is a type of potentiodynamic electrochemical
measurement for studying electrode processes, especially for the determination of the
thermodynamics and the kinetics of electron transfer at the electrode-electrolyte
interface. In a CV experiment, the cell is cycled in a potential window, where the
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working electrode potential is ramped linearly versus time, as with linear sweep
voltammetry. This ramping is known as the experiment's scan rate (Vs-1). It enables
the electrode potential to be rapidly scanned in search of redox couples. It is used
most often as a diagnostic tool for elucidating electrode mechanisms. In this
experiment, the CV testing was conducted by measuring the I-V response at a scan
rate of 0.01 mV s-1 within the set electrochemical window using a CHI 660
electrochemical workstation (CH Instruments, Cordova, TN) at ISEM.

3.5.3

Charge and Discharge

The charge-discharge tests were conducted at a constant current density via a Neware
battery tester (China) at ISEM and data was collected using Neware battery tester
software. The capacity (Q) can be calculated based on the charge or discharge time
using the formula Q = I × t, where I is current density and t is the time.

Figure 3.6 Photograph of different Neware charge-discharge testers.
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3.5.4

Electrochemical Impedance Spectroscopy (EIS)

In this study, electrochemical impedance spectroscopy was applied to determine the
kinetic parameters of the electrode process, including those in the electrolyte,
passivation layers, charge transfer, and Li+ diffusion. In a typical experiment, ac
impedance spectroscopy measurements were carried out at ISEM using a
CHI660B/CHI 660C electrochemical workstation system (CH Instruments, Cordova,
TN) by applying a sine wave of 5 mV amplitude over a frequency range of 100.00
kHz to 0.01 Hz. All impedance measurements were carried out on fresh cells.
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CHAPTER

4

ELECTRODEPOSITED

POLYPYRROLE

(PPy)/PARA

(TOLUENE SULFONIC ACID) (pTS) FREE STANDING FILM FOR
LITHIUM SECONDARY BATTERY APPLICATION

4.1 Introduction

Several conducting polymers, such as polypyrrole, polyaniline, and polythiophene,
have been proved to be promising materials for secondary battery electrodes because
they are stable in air and have good electrochemical properties [80]. Among the
conducting polymers, polypyrroles (PPy) have drawn the most attention due to their
redox properties, biocompatibility, good electrical conductivity, and chemical
stability [72, 81-84]. On the other hand, there has been strong market demand for
thin, flexible, and bendable electrodes to make lithium batteries/lithium-polymer
batteries that are lighter and more flexible than the existing ones, and thus more
capable of satisfying the various design and power needs of soft, portable electronic
equipment, such as roll-up displays and wearable devices. Active radio-frequency
identification tags and integrated circuit smart cards also require flexible or bendable
batteries for durability in everyday use [3]. However, to develop mechanically
flexible and bendable lithium batteries, soft and free-standing electrode materials are
also required. It has been reported that conducting polypyrrole (PPy) films can be
synthesized by electropolymerization and that the films thus produced can be peeled
off from the smooth substrate so that free-standing electrodes are obtained [85]. In
order to select a commercially available substrate material for commercial polymer
batteries, lightweight and inexpensive stainless steel mesh could be the best choice of
substrate, but each electrode is formed from a metal substrate that is coated with a
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mixture of an active material, an electrical conductor, a binder, and a solvent. This
kind of electrode is not suitable for flexible or bendable batteries, because a metal
substrate is used to hold the active materials. The active material layers will be
cracked or peeled off from the substrate when they are bent. So, only free-standing
films can be used as electrode materials to satisfy the new market demand for
flexible and bendable batteries. The application of polypyrrole as cathode material
for rechargeable batteries has also been reported, but it has still not been successfully
used for commercial batteries because of its poor cycling stability and poor rate
capability [64,72,82,83]. As a common feature, conducting polymers are wide-bandgap semiconductors or electrical insulators in their native state. The improvement of
the electrical conductivity is typically based on incorporation with an anionic
compound, normally called a “dopant”, into the polymer matrix. The mechanism
behind the improvement in electrical conduction in polypyrrole (PPy) has been
attributed to a redox interaction between the conducting polymer and the dopant [8688]. A variety of anionic dopants have been investigated, including Cl- [89], ClO4[90], BF4- [91], p-toluenesulfonate [92], dodecylbenzenesulfonate (DBS) [93], and
polystyrene sulfonate (PSS) [94], all of which function to balance the cationic charge
of the conductive polymer.

Until now, there have been several reports on the preparation of PPy films doped
with p-toluenesulfonic acid (pTS). Most of these reported works describe the
mechanical properties, conductivity, electrochemical relaxation, and ion exchange
behaviours of the films [67, 95-103]. Only very few works reported a few
electrochemical properties of PPy films doped with p-toluenesulfonic acid (pTS) in
an open cell configuration with water based electrolyte for battery/supercapacitor
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application [104, 105]. Unfortunately, none of the reported results shows a wide
range of electrochemical characterization for PPy-pTS films as cathode using
commercial electrolyte in a coin cell configuration in the voltage range of 2.5-4.3 V.
In this Chapter, the fabrication and electrochemical characterization of PPy-pTS freestanding film as cathode for lithium secondary battery application are reported. The
possibility of directly using free-standing films as battery electrode materials has
been examined with a view towards further research on totally flexible and bendable
batteries.

4.2

Experimental

4.2.1

Preparation of PPy-pTS Free-Standing Films

PPy-pTS films were electrodeposited using the galvanostatic technique onto a
polished stainless steel plate from a electrolyte solution prepared in deionized water
with 0.1 mol l-1 pyrrole (98%, Sigma-Aldrich) and 0.1 mol l-1 para (toluene sulfonic
acid) sodium salt (95%, Sigma-Aldrich). Pyrrole was first distilled and kept
refrigerated until use. Dissolved oxygen was removed by bubbling the solution with
nitrogen for at least 10 min prior to polymerization. A two-electrode electrochemical
system was used for polymerization at room temperature (27oC), where polished
stainless steel plate (washed with acetone in an ultrasonic bath before use) was used
as the working electrode and stainless steel mesh as the counter electrode. Two
parameters (constant current and different deposition times) were considered during
the electrodeposition. The current density for galvanostatic deposition was 0.2 mA
cm-2, and the deposition time was 30 min, 1.0 h, and 2.0 h, respectively. The
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resultant films were peeled off from the polished stainless steel plate after the films
had been soaked with distilled water for 30 min to remove the residue. Following the
electrodeposition, the films were dried in a vacuum oven for 24 h at room
temperature. After drying, the prepared flexible free-standing films were cut into 1
cm × 1 cm pieces and then transferred to an argon filled glove box. The dried films
were assembled into coin cells and were tested.

4.2.2

Structural and Electrochemical Characterization

The morphologies of the films were obtained from field emission scanning electron
microscopy (FE-SEM; JEOL JSM-7500FA equipped with energy dispersive X-ray
spectroscopy (EDS) and an EDS mapping system). Raman spectroscopy was carried
out to monitor the variations using a JOBIN YVON HR800 Confocal Raman system
with 632.8 nm diode laser excitation on a 300 lines/mm grating at room temperature.
Conductivity of the free-standing films was tested using Jandel multi-height fourpoint probes, connected to a Jandel resistivity test unit, model RM2, located at IPRI.

The electrochemical measurements were carried out using coin cells. CR 2032 cointype cells were assembled in an Ar-filled glove box (Mbraun, Unilab, Germany) by
stacking a coin shaped porous polypropylene separator containing liquid electrolyte
between the PPy-pTS free-standing electrodes with a area of 1 cm2 and a lithium foil
counter electrode with a thickness of 300 μm and area of 0.78 cm2. The electrolyte
used was 1 M LiPF6 in a 50:50 (v/v) mixture of ethylene carbonate (EC) and
dimethyl carbonate (DMC), provided by MERCK KgaA, Germany. Chargedischarge tests were carried out by using a battery testing device (Neware Electronic
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Co., China) interfaced to a computer with software. The system is capable of
switching between charge and discharge automatically according to the pre-set cutoff potentials. The cells were cycled between 2.5-4.3 V with a constant current of 0.1
mA cm2. Electrochemical impedance spectroscopy (EIS) was performed using a CHI
660C electrochemistry workstation. The AC amplitude was 5 mV, and the frequency
range applied was 100 kHz - 0.01 Hz.

4.3

Results and Discussion

4.3.1

Physical and Structural Characterization

Raman spectra obtained for the PPy-pTS film (Figure 4.1) matched those reported
previously for typical PPy [106-108]. The strong band located at approximately 1580
cm-1 represents the C = C backbone stretching of PPy. The double peaks at about
1050 and 1080 cm-1 are assigned to a C-H in-plane deformation. The other double
peaks at approximately 1320 cm-1 and 1380 cm-1 are attributed to the ring-stretching
mode of PPy. The bands at 930 cm-1 and 1240 cm-1 are attributed to the C-H out-ofplane bending of oxidized PPy and C-H or N-H in-plane bending, respectively. As
reported in the literature [109, 110], the C = C peak is related to the conjugation
length of PPy and the doping level.
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Figure 4.1 Raman spectrum of free-standing PPy-pTS film.

Polymerization of pyrrole (Py) produces the highly conductive and oxidized (doped)
form of polypyrrole, in which some electrons are removed from a delocalised πsystem. The electro-neutrality of the oxidized polymer is retained by the
incorporation of an adequate amount of anions from the electrolyte into the bulk of
the PPy according to [111]:

(4.1)

where, n indicates degree of doping, and m is the molecular weight.
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The electrodeposited film is of particular interest, in that the structure, thickness,
conductivity, and electrochemical properties of the resulting PPy-pTS film can be
controlled by the film growth rate (current density) and the deposition time. FESEM images of the free-standing PPy-pTS films are shown in Figure 4.2. A typical
‘cauliflower’-like structure is observed for all the PPy-pTS films made by the
electrochemical deposition method [112-114], and this cauliflower-like structure
consists of micron-scale spherical grains, which are related to dopant intercalation
into the polymeric chain [115]. The morphology changes as the deposition time
increases, while the deposition current density remains the same (0.2 mA cm-2).
When the deposition time was increased, the size of the nodules increased with
irregular surfaces, and the films became more porous (Figure 4.2(d-f)). The
morphology of the PPy-pTS film deposited over 2.0 h was coarser and more porous
than for the other samples, which may be not suitable for electrochemical study. On
the other hand, the film deposited over 30 min appears finer and denser (Figure
4.2(d)). Side-view images of the free-standing PPy-pTS films (Figure 4.2(a-c)) show
that the films are about 4, 7, and 10 µm in thickness for 30 min, 1.0 h, and 2.0 h
deposition, respectively. A free-standing film can be rolled up (inset of Figure
4.2(a)), twisted, or bent to any curvature, and then returned to its original shape,
while still maintaining its useful properties. Conductivity of the free-standing PPypTS films was measured using the four-probe technique and found to be 116.3 Scm-2
for the PPy-pTS (30 min), 41.0 Scm-2 for the PPy-pTS (1 h), and 7.9 Scm-2 for the
PPy-pTS (2 h) films, respectively. It can be seen that the conductivity decreased as
the thickness of the films increased.
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Figure 4.2 FE-SEM images of the free-standing PPy-pTS films: (a-c) side views of
the films with different deposition times of (a) 30 min with photograph of rolled-up
film (inset), (b) 1 h, and (c) 2 h; (d-f) morphology of the growing surface of the films
with different deposition times of (d) 30 min, (e) 1 h, and (f) 2 h.
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4.3.2 Electrochemical Properties

The self-supported free-standing PPy-pTS films were tested in cells using lithium
foil as the counter electrode. All the free-standing films can be successfully cycled in
lithium cells without any metal substrate to act as an electrical conductor, indicating
that the free-standing films have good electrical conductivity. The charge and
discharge reactions of PPy-pTS cathode in a lithium cell with LiPF6 as the electrolyte
can be represented as [114]:

(4.2)

During discharge, the polymer is reduced (de-doped) to its neutral state by releasing
the anions. When it is charged again, anions migrate back into the polymer. In this
Chapter, the electrochemical properties of the prepared PPy-pTS free-standing
electrodes were investigated systematically within the voltage range of 2.5-4.3 V and
are shown in Figure 4.3. Figure 4.3 (a) compares the cycling performances of the
PPy-pTS (30 min), PPy-pTS (1 h), and PPy-pTS (2 h) electrodes at 0.1 mA cm-2,
and their corresponding initial charge-discharge voltage profiles are shown in Figure
4.3 (b). The initial discharge capacities were measured to be 78, 73, and 50 mAh g-1,
with an intitial coulombic efficiency of 77, 63, and 60 % for the PPy-pTS (30 min),
PPy-pTS (1 h), and PPy-pTS (2 h) electrodes, respectively. After 80 cycles, the
retained discharge capacities were 85, 76, and 55 mAh g-1 for the PPy-pTS (30 min),
PPy-pTS (1 h), and PPy-pTS (2 h) electrodes, respectively. It can be seen that the
capacity retention and initial coulombic efficiency of the PPy-pTS (30 min) electrode
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are higher than those of the PPy-pTS (1 h) and PPy-pTS (2 h) electrodes. However,
after the initial few cycles, no obvious capacity fading is observed for any of the
electrodes. The charge-discharge voltage profiles of the PPy-pTS electrodes in the
voltage range of 2.5-4.3 V are somewhat different from those obtained for the pure
PPy electrode [111, 114]. This may be due to the dopant intercalation in the
polymeric chain. During the first discharge, the cell voltage decreased quickly to 3.7
V, which was then followed by a gradual decrease until the cut-off voltage of 2.5 V
was reached. However, a small plateau was observed in the voltage range of 2.7-3.0
V. On charging the cells with the PPy-pTS electrodes, the voltage exhibited a rapid
increase to 2.7 V, followed by a gradual increase to 3.0 V and then a steep increase
to 4.0 V. A plateau was observed in the initial charge curve between 3.9 and 4.3 V.
However, the discharge capacity of the thin free-standing film, PPy-pTS (30 min), is
much higher than those of the thick films, with discharge capacity in descending
order of PPy-pTS (30 min) > PPy-pTS (1 h) > PPy-pTS (2 h). The discharge capacity
increased as the thickness of the films decreased with decreasing deposition time,
which leads to higher conductivity and short ion diffusion and migration lengths in
thinner films [64, 116]. This phenomenon has been observed in a previous study on
PPy films deposited on stainless steel mesh [84].
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Figure 4.3 Electrochemical performance: (a) cycling stability of PPy-pTS electrodes
at a current density of 0.1 mA cm-2, (b) corresponding initial charge-discharge
voltage profiles in the voltage range of 4.3-2.5 V.

Electrochemical impedance spectroscopy (EIS) measurements were also carried out
in order to compare the conductivity of the prepared PPy-pTS (30 min), PPy-pTS (1
h), and PPy-pTS (2 h) electrodes. The typical Nyquist plots recorded for the three
electrodes are presented in Figure 4.4. All plots display one compressed semicircle in
the high to medium frequency region and a sloping line in the low-frequency region.
In general, the semicircle in the high to medium frequency region is associated with
the charge transfer reaction at the electrolyte/electrode interface, and the sloping line
in the low frequency region is related to the Warburg impedance associated with the
ionic diffusion process in the electrode materials [117-119]. The diameters of the
semicircles are related to the charge transfer resistance: the smaller the diameter of
the semicircle, the smaller the charge transfer resistance and the higher the electronic
conductivity [120, 121]. As can be seen from Figure 4.4, the semicircle diameter of
the PPy-pTS (30 min) electrode is much smaller than those of the PPy-pTS (1 h) and
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PPy-pTS (2 h) electrodes in the high to medium frequency region, indicating that the
PPy-pTS (30 min) electrode has lower charge transfer resistance or higher electronic
conductivity compared to other two. A simple equivalent circuit model is shown in
the inset of Figure 4.4 to analyse the impedance spectra of the three samples. The
equivalent circuit model includes the electrolyte resistance (Rs), the double layer
capacitance (CPE), the charge transfer resistance (Rct), and the Warburg impedance
(Zw). The electrochemical parameters of the three electrodes were simulated by using
Z-view software, and a good agreement between experimental results and the
parameters obtained from the equivalent circuit can be seen from the EIS spectra.
The values of the parameters from the impedance data are summarized in Table 4.1.
It is clear that the Rct value of the PPy-pTS (30 min) electrode is much smaller than
that of the PPy-pTS (1 h) and PPy-pTS (2 h) electrodes, indicating that the PPy-pTS
(30 min) electrode has higher electronic conductivity than the other two.

Figure 4.4 Impedance spectra for the PPy-pTS (30 min), PPy-pTS (1 h), and PPypTS (2 h) electrodes. Inset: Equivalent circuit for the electrodes, which is explained
in the text.
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Table 4.1 The simulated impedance parameters of the three electrodes.
Electrodes

Rs (Ω)

Rct (Ω)

CPE (F)

PPy-pTS (30 min)

2.43

335.59

4.92 x 10-6

PPy-pTS (1 h)

3.55

494.07

5.16 x10-6

PPy-pTS (2 h)

7.4

948.86

2.11 x 10-5

4.4

Summary

In summary, self-supported free-standing PPy-pTS films have been successfully
prepared via electropolymerization using the galvanostatic technique. A typical
‘cauliflower’-like nodular structure was observed for all the PPy-pTS films, as
confirmed by FE-SEM analysis. The electrochemical measurements demonstrated
that the PPy-pTS (30 min) film possesses better capacity retention during the
charge/discharge process compared with the PPy-pTS (1 h) and PPy-pTS (2 h) films.
The results show that the free-standing films can be directly used as electrode
materials for batteries without the need for any metal substrate support. The
preliminary results reported here provide useful information for further research into
free-standing electrode materials to meet the new market demand for flexible and
bendable batteries. This work provides a simple and feasible platform for further
advances in lithium secondary batteries.
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CHAPTER 5 INDIGO CARMINE (IC) DOPED POLYPYRROLE (PPy) AS A
FREE-STANDING POLYMER ELECTRODE FOR LITHIUM SECONDARY
BATTERY APPLICATION

5.1

Introduction

Systems for electrochemical energy storage and conversion include batteries, fuel
cells, and electrochemical capacitors (ECs) [32]. Meanwhile, with electronic
techniques developing very fast and with a strong drive towards miniaturization,
lower weight, and better performance, the demand for lithium secondary batteries has
also become more and more intense [122]. Lithium secondary batteries generally
have high energy density and are one of the most actively developed batteries today.
The further development of lithium secondary batteries is greatly dependent on
continuing research on conducting polymers.

More than two decades have passed

since the possibility of using conductive polymers as electrode materials for the
secondary battery was first demonstrated [83, 123-125]. Among the conducting
polymers, polypyrrole (PPy) is one of the most popular for use as a cathode as it has
an open circuit voltage (VOC) versus Li+/Li0 of 2 < VOC < 4 V, with a specific energy
density ranging from 80 to 390 Wh kg-1 [7]. However, the specific capacity of PPy is
generally low, and the sloping charge-discharge curves have limited the practical
application of PPy as a cathode material. Since the specific capacity of Li-conducting
polymer secondary batteries is small, these are only used as back-up power sources
and for small electronic devices. Nevertheless, their longer cycle life, lower selfdischarge rate, endurance to over-discharge, low manufacturing costs, and shape
flexibility, so that they are suitable for making thin films, are the major advantages
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characteristics of Li-conducting polymer secondary batteries compared with
conventional Li secondary batteries [126]. Several important conducting polymers
such as polypyrrole (PPy), poly-p-phenylene (PPP), and polythiophene (PTh) and
their derivatives can be used not only as the cathode but also as the anode, and the
average potential for n doping of PTh was close to 1.2 V (versus Li/Li+) when used
as an anode [122, 83].

Herein, however, indigo carmine (IC) doped polypyrrole (PPy) film was attempted to
use as cathode material, but the maximum open circuit voltage (VOC) only reached
1.5 V for all the test cells. Under these circumstances, PPy-IC was used as anode
material rather than cathode. Of course, this anode is not comparable with the
conventional graphite anode as graphite i) possesses a high theoretical capacity of
372 mAh g-1; (ii) has a desirable potential profile for Li-ion intercalation; and (iii) is
much cheaper and also provides good cycle life and safety [127, 128]. Nonetheless,
in respect to recent advances in the technology of various types of soft portable
electronic equipment, such as roll-up displays, wearable devices, and implanted
medical devices for use in biological and biomedical systems, there has been a strong
market demand for ultra-thin and flexible batteries to power them [3, 129]. As a
result, the development of free-standing and flexible polymer electrodes has become
a demanding and challenging goal on the way to flexible electronic devices.
Conducting polymer thin films can be prepared by a simple electrodeposition
method, and the films thus produced are flexible, mechanically robust, and highly
electrically conductive [85,130]. The electrochemically deposited PPy films are
dependent on many parameters, such as the nature of the solvent, type of dopant,
temperature, pH, potential/current used during the electrodeposition, etc.
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[96,131,132]. The stability of the polymer matrix also depends on the anions.
Suitable anionic materials can be doped into PPy [133-135], which may play an
important role during the electrosynthesis. However, it is still important to find highquality polymers and effective dopants with desirable properties. Only a limited
amount of work has been done on the incorporation of large electroactive organic
molecules, which would be expected to give better properties than standard inorganic
anions. For example, polypyrrole film with methylene blue incorporated can
facilitate the heterogeneous electron transfer of cytochrome c [136]. Large-molecular
organic dyes have been used in different areas of science, such as medicine, physics,
and chemistry, to produce chromatic changes or to investigate the effects on light
absorbent specimens in well-known systems [137]. Concerning conducting
polymeric films, Li and Dong [138], and Ivaska and co-workers [139] have reported
the electrochemical preparation of PPy films from aqueous solutions containing a
water-soluble dianionic dye, indigo carmine (IC), as dopant (Figure 5.1). The reasons
for choosing IC were: inherent electrochromism [138, 140], a well-known redox
mechanism [141, 142], a high extinction coefficient [140], and dianionic character.
The large conjugated system of dye could promote electronic interaction with the πsystem of the polypyrrole, which could lead to a series of changes in the electronic
properties of the polypyrrole [143].

Figure 5.1 Molecular structure of indigo carmine.
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In this study, polypyrrole (PPy)/indigo carmine (IC) free-standing films were
prepared via the electropolymerization method for direct use (without the need for
any metal substrate support) as anode in lithium secondary battery. The PPy-IC films
were tested against lithium foil counter electrode and showed good electrochemical
performances in terms of discharge capacity, cycling stability, and coulombic
efficiency. The purpose of this study is to offer a preliminary account of this research
on the use of PPy-IC free-standing film as a possible anode material for lithium
secondary battery application with a view towards further research on totally
flexible/bendable polymer batteries.

5.2

Experimental

5.2.1

Preparation of PPy-IC Free-Standing Films

Polypyrrole

films

doped

with

indigo

carmine,

PPy-IC,

were

prepared

galvanostatically in an aqueous 0.1 mol l-1 solution of pyrrole (98%, Sigma-Aldrich)
saturated with 0.1 mol l-1 indigo carmine solution (85%, Sigma-Aldrich) under an N2
atmosphere. Dissolved oxygen was removed by bubbling the solution with nitrogen
for at least 10 min prior to polymerization. A two-electrode electrochemical system
was used for polymerization at room temperature, consisting of a polished stainless
steel plate (washed with acetone in an ultrasonic bath before use) used as the
working electrode and stainless steel mesh as the counter electrode. Two parameters
(applied current and deposition time) were considered during the electrodeposition.
Two types of films were prepared. Type 1: constant applied current (0.4 mA cm-2)
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with different deposition times (30 min, 1.0 h, and 2 h). Type 2: constant deposition
time (30 min) with different applied current densities (0.4, 0.8, and 1.6 mA cm-2).
The resultant films were peeled off from the polished stainless steel plate after
soaking with distilled water for a few minutes. Following the electrodeposition, the
films were dried in a vacuum oven for 24 h at room temperature. After drying, the
prepared flexible, free-standing films were cut into 1 cm × 1 cm pieces (area of 1
cm2) and then transferred to an argon filled glove box. The dried films were
assembled into coin cells and were tested.

5.2.2

Structural and Electrochemical Characterization

Conductivity of the free-standing films was tested by Jandel multi-height four-point
probes, connected to a Jandel resistivity test unit, model RM2, located at the
Intelligent Polymer Research Institute (IPRI), University of Wollongong. A constant
current of 1 nA was applied to the outer two electrodes and the voltage difference
between the two inner electrodes was measured. The morphologies of the films were
obtained from field emission scanning electron microscopy (FE-SEM; JEOL JSM7500FA equipped with energy dispersive X-ray spectroscopy (EDS) and an EDS
mapping system). For Fourier transform infrared (FTIR) spectroscopy, all spectra
were measured from 4000 to 500 cm-1, and the number of scans was typically 10,
with a resolution of 2 cm-1.

The electrochemical measurements were carried out using coin cells. CR 2032 cointype cells were assembled in an Ar-filled glove box (Mbraun, Unilab, Germany) by
stacking a porous polypropylene separator containing liquid electrolyte between the
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PPy-IC free-standing electrode and a lithium foil counter electrode with a thickness
of 300 μm and area of 0.78 cm2. The electrolyte used was 1 M LiPF6 in a 50:50 (v/v)
mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC), provided by
MERCK KgaA, Germany. Charge-discharge tests were carried out by using a battery
testing device (Neware Electronic Co., China) interfaced to a computer with
software. The system is capable of switching between charge and discharge
automatically according to the pre-set cut-off potentials. The cells were cycled
between 0.01-3.0 V with a constant current of 0.1 mA cm2. Electrochemical
impedance spectroscopy (EIS) was performed using a CHI 660C electrochemistry
workstation. The AC amplitude was 5 mV, and the frequency range applied was 100
kHz - 0.01 Hz.

5.3

Results and Discussion

5.3.1

Physical and Structural Characterization

The Fourier transform infrared (FTIR) spectrum obtained for the PPy-IC film is
shown in Figure 5.2. The incorporation of the counter anion (dopant) in the polymer
is evidenced by the peaks at 1180 and 1026 cm-1, which are related to the sulphonate
anion [144]. Vibration bands are observed at 1728-1784 cm-1 (C=O), and 1546 cm-1
(N-H bending). These bands correspond to the characteristic bands for PPy and show
very good agreement with earlier reported work [145-147]. The weak band located at
around 1383 cm-1 is also related to the stretching vibration of the PPy ring [101].

49

Figure 5.2 FTIR spectrum of PPy-IC free-standing film.

The surface morphology, one of the prime factors that govern the physical and
electrochemical properties of the free-standing PPy-IC films, was investigated by
means of FE-SEM analysis. FE-SEM investigations reveal the morphological
evolution of the films as a function of deposition time (Figure 5.3) and deposition
current density (Figure 5.4). The morphology of the PPy-IC films features a
cauliflower-like nodule structure composed of microspherical grains, which is related
to dopant intercalation in the polymeric chain [115]. Examination of the FE-SEM
micrographs suggests that the morphology of the films is significantly affected both
by the deposition time and by the deposition current density. The morphology
changes as the deposition time increases, even if the deposition current density
remains constant (0.4 mA cm-2). The size of the nodules increased, and the films
became more susceptible to the formation of larger voids between the grains and
defects along the polymeric chain with increasing deposition time (Figure 5.3(d-f)).
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The morphology of the PPy-IC films deposited over 2.0 h was coarser and featured
larger voids than for the other films, while the film deposited over 30 min appears
finer, as well as being smoother, more uniform, and denser (Figure 5.3(d)). Crosssectional images of the free-standing PPy-IC films (Figure 5.3(a-c)) show that the
films are about 4, 6, and 9 µm in thickness for 30 min, 1.0 h, and 2.0 h deposition,
respectively. The free-standing film can be rolled up (inset of Figure 5.3(a)), twisted,
or bent to any curvature, and then returned to its original shape, while still
maintaining its useful properties.

On the other hand, the morphology also changes as the deposition current density
increases while the deposition time remains constant (30 min) (Figure 5.4). The PPyIC films polymerized at a high current density typically showed a rough
microglobular surface, while films polymerized at a low current density showed a
more smooth and compact surface (Figure 5.4 (d-f)) [148]. Meanwhile, the average
diameter of the microglobular structures of PPy increased from 0.5-1.0 µm at 0.4 mA
cm-2 to 2.0-2.5 µm at 1.6 mA cm-2. Cross-sectional images of the free-standing PPyIC films (Figure 5.4 (a-c)), however, show that the films are about 4, 10, and 13 µm
in thickness for 0.4, 0.8, and 1.6 mA cm-2 deposition current density, respectively.
Deposition conditions and physical properties of the free-standing PPy-IC films are
shown in Table 5.1. From the above discussion, it can be concluded that both the
deposition time and the deposition current density significantly affect the
morphology of the films.
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Figure 5.3 FE-SEM images of the free standing PPy-IC films grown at a deposition
current density of 0.4 mA cm-2: (a-c) cross-sections of the films with different
deposition times of (a) 30 min with photograph of rolled-up film (inset), (b) 1 h, and
(c) 2 h; (d-f) morphology of the growing surface of the films with different
deposition times of (d) 30 min, (e) 1 h, and (f) 2 h.
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Figure 5.4 FE-SEM images of the free standing PPy-IC films grown with a
deposition time of 30 min: (a-c) cross-sections of the films with different deposition
current densities of (a) 0.4 mA cm-2, (b) 0.8 mA cm-2, and (c) 1.6 mA cm-2; (d-f)
morphology of the growing surface of the films with different deposition current
densities of (d) 0.4 mA cm-2, (e) 0.8 mA cm-2, and (f) 1.6 mA cm-2.
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Table 5.1 Deposition conditions and physical properties of the free-standing PPy-IC
films.
Samples

Deposition

Deposition

Film

Conductivity

time

current

thickness

(S cm-1)

(mA cm-2)

(µm)

PPy-IC (30 min)

30 min

0.4

4.0

7.9×10-4

PPy-IC (1 h)

1h

0.4

6.0

1.6×10-4

PPy-IC (2 h)

2h

0.4

9.0

1.4×10-4

PPy-IC

30 min

0.8

10.0

4.0×10-4

30 min

1.6

13.0

1.7×10-4

(0.8 mA cm-2)
PPy-IC
(1.6 mA cm-2)

5.3.2

Electrochemical Properties

Coin test cells (CR2032) were fabricated from PPy-IC electrodes with metallic
lithium counter electrodes to examine the electrochemical performance of the test
cells. Figure 5.5 shows the cyclic voltammetry (CV) curves of PPy-IC electrodes
(prepared with different deposition times) obtained at a slow scan rate of 0.01 mV s1

, where the potential was swept from 3.0 to 0.01 versus Li/Li+ in the cathodic

direction and back to 3.0 V in the anodic direction. The cathodic peaks located at
around 0.4 V and 1.3 V, and the anodic peaks at 1.6 V and 2.2 V for all the
electrodes correspond to the voltage platforms of the discharge and charge process,
respectively, as is shown in Figure 5.6 (b). The region between 0.56 and 0.2 V versus
Li/Li+ is mainly associated with the solvated lithium intercalation and subsequent
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reduction of the electrolyte, as reported by Winter et al. [149]. During deintercalation (sweeping the voltage from 0.01 to 3.0 V), two characteristic peaks
corresponding to the de-intercalation of the lithium ion from the PPy-IC film appear
at the same voltage for all the electrodes [150]. However, the mechanism of the
redox reaction of indigo carmine in PPy and the kinetics of Li intercalation/deintercalation in the PPy-IC films using LiPF6 electrolyte cannot be fully understood
from the cyclic voltammograms (CVs), and obviously, there is a need for further
study to understand this phenomenon.
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Figure 5.5 Cyclic voltammograms for the first 5 cycles of the free-standing PPy-IC
electrodes prepared with different deposition times: (a) PPy-IC (30 min), (b) PPy-IC
(1 h), and (c) PPy-IC (2 h) electrodes with a scan rate of 0.01 mVs-1.
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Figure 5.6 displays the electrochemical performances of the PPy-IC (30 min), PPyIC (1 h), and PPy-IC (2 h) electrodes prepared with different deposition times, but
constant deposition current density (0.4 mA cm-2). Figure 5.6 (a) compares the
cycling performance of the PPy-IC (30 min), PPy-IC (1 h), and PPy-IC (2 h)
electrodes at 0.1 mA cm-2 in the voltage range of 0.01-3.0 V, and their corresponding
initial discharge-charge voltage profiles are also shown in Figure 5.6 (b). The initial
discharge capacities were measured to be 120, 102, and 64 mAh g-1, with an initial
coulombic efficiency (Figure 5.6 (c)) of 75, 69, and 69.5 % for the PPy-IC (30 min),
PPy-IC (1 h), and PPy-IC (2 h) electrodes, respectively. After 100 cycles, the
retained reversible capacities were 83, 66, and 47 mAh g-1, with a coulombic
efficiency of ~ 100 % for the PPy-IC (30 min), PPy-IC (1 h), and PPy-IC (2 h)
electrodes, respectively. It can be observed that the capacity retention and initial
coulombic efficiency of the PPy-IC (30 min) electrode are higher than those of the
PPy-IC (1 h) and PPy-IC (2 h) electrodes. After the initial cycle, however, no
obvious capacity fading is observed for any of the electrodes but some irreversible
capacity loss is observed for all the electrodes, which might originate from the
decomposition of the electrolyte followed by the formation of the solid electrolyte
interphase (SEI) layer on the surface of the electrode. This layer is electronically
insulating but permeable to Li+ ions. It is impermeable to other electrolyte
components and is mainly composed of lithium carbonate and lithium alkyl
carbonates [149, 151], as the electrolyte solvents generally used are alkyl carbonates.
The reactions occurring during solvent decomposition in a mixture of ethylene
carbonate (EC) and dimethyl carbonate (DMC) solvents is given by the reactions
below.
2 Li+ + C3H4O3 (EC) → Li2CO3 + CH2CH2 (g) ↑
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(5.1)

2 Li+ + C3H6O3 (DMC) → Li2CO3 + CH3CH3 (g) ↑

(5.2)

Figure 5.6 Electrochemical performances of the free-standing PPy-IC electrodes
prepared with different deposition times: (a) cycling stability of PPy-IC electrodes at
a current density of 0.1 mA cm-2, (b) corresponding initial charge-discharge voltage
profiles for the electrodes in the voltage range of 0.01-3.0 V, and (c) coulombic
efficiency.
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Figure 5.7 also displays the electrochemical performances of the PPy-IC (0.4 mA
cm-2), PPy-IC (0.8 mA cm-2), and PPy-IC (1.6 mA cm-2) electrodes prepared with
different deposition current densities, but constant deposition time (30 min). The
initial discharge capacities (Figure 5.7(a)) were measured to be 120, 90, and 48 mA h
g-1 at 0.1 mA cm-2, with an initial coulombic efficiency (Figure 5.7 (c)) of 75, 58, and
55 % for the PPy-IC (0.4 mA cm-2), PPy-IC (0.8 mA cm-2), and PPy-IC (1.6 mA cm2

) electrodes, respectively.

The corresponding initial discharge-charge voltage

profiles are shown in Figure 5.7(b). After 100 cycles, the retained reversible
capacities were 83, 54, and 29 mAh g-1, with a coulombic efficiency of ~ 100 % for
the PPy-IC (0.4 mA cm-2), PPy-IC (0.8 mA cm-2), and PPy-IC (1.6 mA cm-2)
electrodes, respectively. It can be concluded that the reversible capacity of the thin
free-standing films, PPy-IC (30 min) and PPy-IC (0.4 mA cm-2), is much higher than
those of the thick films, with reversible capacity in descending order of PPy-IC (30
min) > PPy-IC (1 h) > PPy-IC (2 h), and PPy-IC (0.4 mA cm-2) > PPy-IC (0.8 mA
cm-2) > PPy-IC (1.6 mA cm-2). The voltage profiles of the PPy-IC electrodes in the
voltage range of 0.01-3.0 V are somewhat different from those obtained for the open
cell configuration with water based electrolyte [137-139, 16]. The coin cells used
herein may have some advantages over other configurations, especially because the
cell components are more tightly packed, thus decreasing the overall cell impedance.
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Figure 5.7 Electrochemical performances of the free-standing PPy-IC electrodes
prepared with different deposition current densities, but constant deposition time (30
min): (a) cycling stability of PPy-IC electrodes at a current density of 0.1 mA cm-2,
(b) corresponding initial charge-discharge voltage profiles for the electrodes in the
voltage range of 0.01-3.0 V, and (c) coulombic efficiency.
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Electrochemical impedance spectroscopy (EIS) measurements were carried out in
order to compare the conductivity of the PPy-IC free standing films prepared under
different conditions, as shown in Figure 5.8. The Nyquist plots show one compressed
semicircle in the high to medium frequency range, which describes the charge
transfer resistance for all electrodes, and an approximately 45o inclined line in the
low-frequency range, which could be considered as Warburg impedance. From
comparing the diameters of the semicircles (Figure 5.8 (a)), the charge transfer
resistance of the PPy-IC (30 min) electrode is significantly lower than those of the
PPy-IC (1 h) and PPy-IC (2 h) electrodes, which are ranked in the order of PPy-IC
(30 min) < PPy-IC (1 h) < PPy-IC (2 h). In the case of the PPy-IC (0.4 mA cm-2),
PPy-IC (0.8 mA cm-2), and PPy-IC (1.6 mA cm-2) electrodes (Figure 5.8(b)), the
PPy-IC (0.4 mA cm-2) electrode shows a much smaller diameter of the semicircle
than the other two electrodes, which indicates the lower charge transfer resistance, in
the order of PPy-IC (0.4 mA cm-2) < PPy-IC (0.8 mA cm-2) < PPy-IC (1.6 mA cm-2).

In brief, some reasons could be given for the good electrochemical performance of
the thin film electrodes. At a longer deposition time with high deposition current
density, films grow for a long period of time and at a faster rate, which results in a
rough and non-uniform morphology, with larger void pores, which may be less
suitable for ion movement and large actuation strains than in the case of the thinner
films [152]. On the other hand, the discharge capacity increased as the thickness of
the films decreased. The conductivity of the thinner films is higher than that of the
thicker films, indicating the enhanced ionic conductivity and the short ion diffusion
and migration lengths in the thinner films [116, 84].
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Figure 5.8 Electrochemical impedance spectra for the fresh cells: (a) PPy-IC
electrodes prepared with different deposition times, but constant deposition current
density (0.4 mA cm-2), and (b) PPy-IC electrodes prepared with different deposition
current densities, but constant deposition time (30 min).
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5.4

Summary

PPy-IC films have been prepared with different deposition times and different
current densities via electropolymerization using the galvanostatic technique. The
morphology of the PPy-IC films features a cauliflower-like structure composed of
microspherical grains, which is related to dopant intercalation in the polymeric chain.
Furthermore, the FTIR spectra suggest that the indigo carmine was incorporated into
the polymer as a dopant. The films formed under conditions of low deposition time
and low deposition current density were thin, lightweight, and flexible, as well as
being more conductive. On the other hand, the films deposited with higher current
density and longer deposition time was more susceptible to the formation of pores
and defects along the polymeric chain. The electrochemical measurements
demonstrated that the thin films have higher discharge capacity compared with the
thick films. The results show that free-standing PPy-IC films can be directly used as
possible anode materials for lithium secondary or full polymer batteries, without the
need for any metal substrate support.
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CHAPTER

6

All-POLYMER

BATTERY

SYSTEM

BASED

ON

POLYPYRROLE (PPy)/PARA (TOLUENE SULFONIC ACID) (pTS) AND
POLYPYRROLE (PPy)/INDIGO CARMINE (IC) FREE-STANDING FILMS

6.1

Introduction

The rapid progresses in electronics and increasing public awareness of environmental
issues has raised the awareness of the need for clean sustainable energy sources.
Thus, achieving the goals of non- or less toxic and more environmentally friendly
materials as electrodes for energy storage devices has become mandatory if clean
renewable technologies are to be developed for the future [5,153,154]. In this regard,
conducting polymers have been subject to numerous investigations during the last
two decades and a number of strategies have been adopted for the utilisation of
conducting polymers as rechargeable battery devices [155, 156]. Many studies have
addressed the possibility of replacing either the negative (anode) or positive
(cathode) electrode with a conducting polymer  more typically, the cathode because
traditional metal anodes have significantly higher specific energies than polymers
[7]. A more interesting possibility is the development of all-polymer batteries, where
an electroactive polymer comprises both the anode and the cathode and is supported
on an inert conducting support such as graphite or platinum [17]. To produce energy
storage devices consisting of entirely non-metal components, free-standing
conducting polymer electrodes or composites with conducting polymer has attracted
much interest [15,64,114]. Killian et al. [72] reported the assembly of an all-polymer
battery structure that used both p- and n-dopable polypyrrole with a specific charge
capacity of 22 mAh g-1 at a cell potential of 0.4 V. The cells showed no loss in
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capacity when subjected to 100 charge/discharge cycles. The capacity was in fact
much lower than that of the conventional lithium-ion battery, but all-polymer
batteries have a potential advantage in that unique configurations can be devised and
constructed. If an anode and cathode are coupled, based on the same polymer in the
neutral and the p-doped states, this results in a very small cell potential, and
consequently, conducting polymers that can only be p-doped are limited for use as
cathodes in battery systems, as was discussed in literature review chapter. However,
by incorporating a large polymeric anion into a polymer film during deposition, a
pseudo n-dopable response can be achieved [73,74,89]. Electropolymerized
polypyrrole (PPy) incorporated with two different redox active anions, indigo
carmine and 3-ethylbenzothiazoline-6-sulfonate deposited on gold/titanium coated
polyethylene terephthalate (PET) substrates was reported as an all-polymer based
device with an energy density of 8 Wh kg-1 and a power density of up to 10 kW kg-1
[16]. The stability of the described system needs to be improved significantly, as
50% loss of capacity was reported due to overoxidation of PPy after 60 cycles.
Similar stability problems were noted when using different functionalized
polyterthiophenes (poly (3’-styryl-4, 4”-didecyloxyterthiophene) and poly (4,4”didecyloxyterthiophene)) as anodes versus PPy cathodes [157]. The polymers were,
in this case, electropolymerized on conducting and flexible mesh substrates (stainless
steel and Ni/Cu coated polyester, respectively) and the losses of capacity during
cycling were ascribed to mechanical degradation of the polymer. Wang et al. [46]
also claimed to have achieved a more stable all-polymer battery system based on
functionalized polythiophene (PTP) anode, a PPy cathode, and carbon-fiber mats or
Ni/Cu-coated non-woven polyester current collectors with a discharge capacity of
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35.4 mAh g-1. No loss of capacity was seen after 50 charge and discharge cycles
employing a current of 0.05 mA cm-2.

Nevertheless, most of the reported systems involved coating or depositing active
materials on a metal substrate. Obviously, this kind of electrode is not suitable for
fully flexible or bendable batteries, as active material layers will be cracked or peeled
off from the substrate when they are bent frequently. To avoid these drawbacks,
mechanically flexible, soft, and free-standing electrode materials are required. In
this Chapter, a novel system consisting of PPy doped with para (toluene sulfonic
acid) (pTS) (Figure 6.1 (a)) as cathode and indigo carmine (IC) (Figure 6.1(b)) as
anode is discussed. All the free-standing PPy-pTS and PPy-IC films were
successfully cycled between 3.0-0.01 V without the need for any metal substrate to
act as an electrical conductor. Furthermore, electrochemical measurements have
demonstrated that the system works very well both in commercial and polymer
electrolyte, with significant advantages in terms of environmental safety issues,
resonable capacity, and stable cycling performance compared with those previously
reported results.

Figure 6.1 Molecular structures of (a) para (toluene sulfonic acid) (pTS) and (b)
indigo carmine (IC).
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6.2

Experimental

6.2.1

Preparation of PPy-pTS Free-Standing Cathode

PPy-pTS films were electrodeposited using the galvanostatic technique at a current
density of 0.2 mA cm-2 onto a polished stainless steel plate from an electrolyte
solution prepared in deionized water with 0.1 mol l-1 pyrrole (98%, Sigma-Aldrich)
and 0.1 mol l-1 para (toluene sulfonic acid) sodium salt (95%, Sigma-Aldrich).
Pyrrole was first distilled and kept refrigerated until use. Dissolved oxygen was
removed by bubbling the solution with nitrogen for at least 10 min prior to
polymerization.

A two electrodes

electrochemical

system

was

used for

polymerization at room temperature (27oC), where polished stainless steel plate
(washed with acetone in an ultrasonic bath before use) used as a working electrode
and stainless steel mesh as a counter electrode. After electropolymerization, the
working electrode was rinsed with dry acetonitrile and was dried in oven, and then
transferred into a solution of 0.75M LiClO4 in dimethylformamide/acetonitrile (1:1
by volume). The PPy-pTS cathode films were converted into the fully oxidized form
by

polarization

at

+

0.2V

(versus

Ag/Ag+

in

0.01M

AgNO3,

0.1M

tetrabutylammonium perchlorate (TBAP/CH3CN)). The resultant films were peeled
off from the polished stainless steel plate and were dried in a vacuum oven for 24 h
at room temperature. After drying, the prepared flexible free-standing films were cut
into 1 cm × 1cm pieces and transferred to an argon filled glove box.
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6.2.2

Preparation of PPy-IC Free-Standing Anode

Polypyrrole films doped with indigo carmine, PPy-IC, were prepared using a similar
procedure with a current density of 0.4 mA cm-2 used to doping it onto a polished
stainless steel plate. An aqueous solution containing 0.1 mol l-1 solution of pyrrole
(98%, Sigma-Aldrich) saturated with 0.1 mol l-1 indigo carmine solution (85%,
Sigma-Aldrich) under N2 atmosphere was employed. After electropolymerization,
the working electrode was rinsed with acetonitrile and dried in an oven, then
transferred into a solution of 0.75M LiClO4 in dimethylformamide/acetonitrile (1:1
by volume). The PPy-IC anode films were converted into the fully reduced form by
polarization at -1.3V (versus Ag/Ag+ in 0.01M AgNO3, 0.1M tetrabutylammonium
perchlorate (TBAP/CH3CN)) reference electrode. The resultant films were peeled off
from the polished stainless steel plate, dried, and cut to a small size of 1 cm2 and
stored in an argon-filled glove box.

6.2.3

Preparation of Gel Polymer Electrolyte

In a typical procedure, 1g of PVDF-HFP was dissolved in 50 ml acetonitrile at 80oC.
The solution was cast onto a glass plate under ultra sonication for a period of 10 min
and then, it was dried in room temperature for 24 h to get a film. The film was cut
into required sizes (same as separator) and kept in glove box. The polymer
electrolyte was obtained by soaking the films in 1 M LiPF6 in a mixture of ethylene
carbonate (EC) and dimethyl carbonate (DMC) (1:1 by volume, provided by
MERCK, Germany) for 24 h before use.
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6.2.4

Characterization of Free-Standing Films

Conductivity of the free-standing films was tested by Jandel multi-height four-point
probes, connected to a Jandel resistivity test unit, model RM2, located at the
Intelligent Polymer Research Institute (IPRI), University of Wollongong. The
morphologies of the films were obtained from field emission scanning electron
microscopy (FE-SEM; JEOL JSM-7500FA equipped with energy dispersive X-ray
spectroscopy (EDS) and an EDS mapping system).

6.2.5

Electrochemical Measurements

CR 2032 coin-type cells were assembled in an Ar-filled glove box (Mbraun, Unilab,
Germany) by stacking a polymer electrolyte between the PPy-IC free standing anode
and PPy-pTS free standing cathode, as shown in Figure 6.2. When using the organic
solvent based electrolyte (1 M LiPF6 in a 50:50 (v/v) mixture of ethylene carbonate
(EC) and dimethyl carbonate (DMC), provided by MERCK KgaA), a porous
polypropylene separator was used. Charge-discharge tests were carried out using a
battery testing device (Neware Electronic Co., China) interfaced to a computer with
software. The system is capable of switching between charge and discharge
automatically according to the pre-set cut-off potential. The cells were cycled
between 0.01-3 V with a constant current of 0.05 mA cm2. Electrochemical
impedance spectroscopy (EIS) was performed using a CHI 660C electrochemistry
workstation. The AC amplitude was 5 mV, and the frequency range applied was 100
kHz - 0.01 Hz.

69

Figure 6.2 Construction of CR 2032 coin type test cell.

6.3

Results and Discussion

6.3.1

Physical and Structural Characterization

Figure 6.3 shows FE-SEM images of PPy-pTS (Figure 6.3(a)) and PPy-IC (Figure
6.3(b)) electrodes illustrating the surface morphology of the free standing films. The
morphology of the both films features a cauliflower-like nodule structure composed
of microspherical grains, which is related to dopant intercalation in the polymeric
chain [115]. The free-standing films can be rolled up (inset of Figure 6.3(a) and
Figure 6.3 (b)), twisted, or bent to any curvature, and then returned to its original
shape, while still maintaining its useful properties as was discussed in previous
chapters. Conductivity of the free-standing films was measured and it was 41.0 S cm2

for the PPy-pTS with a thickness of 7.0 µm and 7.9×10-4 S cm-2 for the PPy-IC with

a thickness of 4.0 µm, respectively.
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Figure 6.3 FE-SEM images of the films: (a) PPy-pTS film with photograph of
rolled-up film (inset) and (b) PPy-IC film with photograph of rolled-up film (inset).

6.3.2

Electrochemical Properties

Polymer batteries using a coin type (CR2032) cell configuration were fabricated and
tested. The batteries consisted of 1) a PPy-pTS cathode, a PPy-IC anode, and a
commercial electrolyte of 1 M LiPF6 in an EC-DMC mixture or 2) a PPy-pTS
cathode, a PPy-IC anode, and polymer electrolyte of PVDF-HFP were tested. The
capacity of the polymer batteries was determined using the mass of the PPy-IC anode
and oxidation/reduction scheme for the PPy-pTS/PPy-IC system is shown in Scheme
6.1 [17, 72, 158]. During operation the cathode cycles between the oxidised fully
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charged state, in which charge-balance is maintained via intercalation of the anion
(A- = pTS−), and the neutral uncharged state. The anode cycles between the neutral
fully charged sate with charge balance provided by the intercalated cation (M+ = Li+)
and the oxidised state as described below.
Anode:
[PPyo/IC-] Li+ → PPy+/IC- + Li+ + e-

(6.1)

Cathode:
[PPy+] pTS- + e- → [PPyo] + pTS-

(6.2)

Scheme 6.1 Oxidation/reduction scheme for the PPy-pTS/PPy-IC system.

72

Galvanostatic charging and discharging were used to evaluate the capacity of the
system. The cell voltage decreases/increases as the depth of the discharging/charging
is increased characteristic of rechargeable batteries. Figure 6.4 (a) compares the
cycling stability of the PPy-pTS/PPy-IC (commercial electrolyte) system at 0.05 mA
cm-2 with that of the PPy-pTS/PPy-IC (polymer electrolyte) in the voltage range of
0.01–3.0V, and their corresponding initial discharge-charge voltage profiles are
shown in Figure 6.4 (b). The PPy-pTS/PPy-IC (commercial electrolyte) system
shows an initial discharge capacity of 39 mAh g-1 and after 50 cycles, the discharge
capacity was measured to be 36 mAh g-1, which is around 92 % of the initial
discharge capacity. In the case of PPy-pTS/PPy-IC (polymer electrolyte) system, the
discharge capacity retention was 16 mAh g-1, which is also 76 % of the intial
discharge capacity. Cyclic voltammograms using PPy-pTS/PPy-IC in a commercial
electrolyte (Figure 6.4 (c)) and on the polymer electrolyte were obtained (Figure 6.4
(d)). The cathodic peaks (reduction peaks) located at around 0.50 V and 1.85 V for
the PPy-pTS/PPy-IC (commercial electrolyte), and 0.50 V and 2.05 V for the PPypTS/PPy-IC (polymer electrolyte) systems correspond to the voltage platform of the
discharge process, whereas, the anodic peaks (oxidation peaks) located at around
1.06 and 1.98 V for the PPy-pTS/PPy-IC (commercial electrolyte), and 1.2 and 2.5 V
for the PPy-pTS/PPy-IC (polymer electrolyte) systems correspond to the voltage
platform of the charge process, respectively. The cathodic/anodic peaks in the cyclic
voltammograms are in good agreement with the plateaus observed in the dischargecharge voltage profiles (Figure 6.4 (b)). Compared with PPy-pTS/PPy-IC
(commercial electrolyte), the major redox peaks of Py-pTS/PPy-IC (polymer
electrolyte) are slightly shifted, which may be due to the effect of polymer
electrolyte.
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Figure 6.4 Electrochemical performances of PPy-pTS/PPy-IC (commercial
electrolyte) and PPy-pTS/PPy-IC (polymer electrolyte) systems at 0.01-3.0 V: (a)
cyclic performance up to 50 cycles at 0.05 mA cm-2; (b) initial galvanostatic chargedischarge voltage profiles; (c, d) cyclic voltammograms at a scan rate of 0.01 mVs-1.

Electrochemical impedance spectroscopy (EIS) was performed using the PPypTS/PPy-IC in organic solvent based commercial electrolyte and the PPy-pTS/PPyIC in the polymer electrolyte (Figure 6.5). The impedance response exhibits a
semicircular loop in the medium frequency region. The diameter of this semicircle
gives the charge-transfer resistance (Rct), which is a measure of the charge-transfer
kinetics. It was found that the diameter of the semicircle in the medium frequency
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region for PPy-pTS/PPy-IC organic solvent based electrolyte is much smaller than
for the PPy-pTS/PPy-IC polymer electrolyte, which indicates the lower charge
transfer resistance for the PPy-pTS/PPy-IC (commercial electrolyte) system.

Figure 6.5 Impedance plots for the PPy-pTS/PPy-IC (commercial electrolyte) and
PPy-pTS/PPy-IC (polymer electrolyte) systems.

The good cycling response for both systems is well supported by the FE-SEM
micrographs of the cycled films of PPy-pTS/PPy-IC (commercial electrolyte) and
PPy-pTS/PPy-IC (polymer electrolyte) systems are shown in Figure 6.6. From this
FE-SEM observation, it is clearly seen that the cathode and anode films for the both
systems maintain excellent structural integrity (devoid of any cracks) even after 50
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charge-discharge cycles (comparing with Figure 6.6 and Figure 6.3). Moreover,
there appears to be no significant change in a cauliflower-like structure composed of
microspherical grains and the size of the nodules after cycling, which indicates no
new surfaces generated during cycling. The excellent structural integrity of the films
is expected to arise may be due to more homogeneous distribution of anions
(dopants) in a molecular level which increase the structural stability and mechanical
strength of PPy matrix [67].

Figure 6.6 FE-SEM images of the electrodes collected after 50 charge/discharge
cycles at 0.05 mA cm-2: (a, b) images of the PPy-pTS/PPy-IC (commercial
electrolyte) system, where (a) is an image of PPy-pTS and (b) an image of PPy-IC
film electrode, respectively; (c, d) images of PPy-pTS/PPy-IC (polymer electrolyte)
system, where (c) is an image of PPy-pTS and (d) an image of PPy-IC film electrode,
respectively.
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6.4

Summary

In conclusion, PPy-pTS and PPy-IC films have been successfully prepared via
electropolymerization. The morphology of the films features a cauliflower-like
structure composed of microspherical grain. The films are mechanically robust,
lightweight, and flexible and can be molded into various shapes. Thin sheets can be
rolled to make very compact energy storage devices. It is believed that the concept
presented here provides a useful approach for the development of all polymer based
energy storage devices. The present battery system holds great promise for
applications in areas such as roll-up displays, medical devices, wearable displays,
embedded health monitoring devices and wearable military devices.
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CHAPTER 7 CONCLUSIONS AND OUTLOOK

7.1 General Conclusions

This section highlights how the aims of this Master’s research work were attained.
The main aim was to broaden our knowledge in the most interesting area of freestanding electrode materials applicable to the development of flexible and versatile
energy storage devices based on conducting polymers. In this Master’s research
work, I attempted to fabricate flexible free-standing polymer electrodes without any
binder or metal current collector, and to assemble two polymer electrodes into a cell.
The prepared free-standing films could be used directly as flexible electrode
materials in a test cell without the need for any metal current collector. The cell
possessed advantages compared with previously reported results in terms of
environmental safety issues, high capacity, and stable cycling performance. On the
other hand, these free-standing film electrodes are attractive for basic
electrochemical characterization as model electrodes due to their ease of handling,
favourable mechanical properties, and most importantly, the absence of the binder.
The preliminary results reported here provide useful information for further research
into free-standing electrode materials to meet the new market demand for flexible
all-polymer batteries.

7.1.1 Free-Standing Cathode

Self-supported free-standing PPy-pTS films have been successfully prepared via
electropolymerization using the galvanostatic technique. A typical ‘cauliflower’-like
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nodular morphology was observed for all the PPy-pTS films, as confirmed by FESEM analysis. The electrochemical behaviour of the free-standing films was
examined as cathode against lithium counter electrode. Electrochemical tests
demonstrated that the PPy-pTS film with 30 min deposition time exhibited higher
discharge capacity (85 mAh g-1) beyond 80 cycles than the PPy-pTS films with 1 h
deposition time (76 mAh g-1) and 2 h deposition time (55 mAh g-1) at 0.1 mA cm-2 in
the voltage range of 2.5-4.3 V. The results show that the free-standing films can be
directly used as electrode materials for batteries, without the need for any metal
substrate support.

7.1.2

Free-Standing Anode

Free-standing PPy-IC films have been prepared with different deposition times and
different current densities via electropolymerization using the galvanostatic
technique. The PPy-IC films feature a cauliflower-like morphology composed of
microspherical grains, which is related to dopant intercalation in the polymeric chain.
The films formed under conditions of low deposition time and low deposition current
density were thin, lightweight, and flexible, as well as being more conducting. On the
other hand, the films deposited with higher current density and longer deposition
times were more susceptible to the formation of pores and defects along the
polymeric chain. The electrochemical measurements demonstrated that the PPy-IC
films prepared at lower deposition time (30 min) and lower deposition current
density (0.4 mA cm-2) exhibited higher discharge capacity (83 mAh g-1 beyond 100
cycles) in the voltage range of 0.01-3.0 V. The results show that free-standing PPy-

79

IC films can be directly used as anode materials for lithium secondary or full
polymer batteries, without the need for any metal substrate support.

7.1.3

Combination of Free-Standing Cathode and Free-Standing Anode

One of the most challenging aspects of this work was to fabricate an all-polymer cell
with suitable flexible anode and cathode. CR 2032 coin-type cells were successfully
assembled by stacking a polymer electrolyte between the PPy-IC free-standing anode
and the PPy-pTS free standing cathode. In the case of commercial electrolyte, a
porous polypropylene separator containing liquid electrolyte was used between the
two electrodes. In these systems, all the free-standing PPy-pTS and PPy-IC films
were directly used without the need for any metal substrate to act as an electrical
conductor. Electrochemical measurements demonstrated that the novel PPypTS/PPy-IC (commercial electrolyte) system exhibited a discharge capacity of 36
mAh g-1 at 0.05 mA cm-2 after 50 cycles, which is around 92 % of the initial
discharge capacity. In the case of PPy-pTS/PPy-IC (polymer electrolyte), the
discharge capacity retention was 16 mAh g-1, which is also 76 % of the initial
discharge capacity

7.2

Outlook

The flexible free-standing film preparation method involved here, namely,
electropolymerization using the galvanostatic technique, is also widely applicable to
the preparation of other conducting polymer-dopant free-standing or non-freestanding films. The preliminary results reported here provide useful information to
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advance our research to meet the new market demand for flexible and bendable
batteries. Conducting polymers incorporated with different dopants need to be further
investigated as free-standing electrodes. Some possible choices that might be suitable
for all-polymer battery applications include polythiophene-para (toluene sulfonic
acid) (PTP-pTS), polyaniline-indigo carmine (PANI-IC), polyaniline-para (toluene
sulfonic

acid)

(PANI-pTS),

polypyrrole-polystyrenesulfonate

polypyrrole-hexafluorophosphate
(PPy/PSS),

polypyrrole-2,2′

(PPy/PF6),

azinobis

(3-

ethylbenzothiazoline-6-sulfonate) (PPy-ABTS), and polythiophene-2, 2′ azinobis (3ethylbenzothiazoline-6-sulfonate) (PTP-ABTS).
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